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A B S T R A C T
Combining different phase structure materials with unique properties to design novel devices plays a significant
role in the development of modern electronics. Here, we explore the characteristics of this type of complex
interface and epitaxy structures based on the coupling between hexagonal ZnO film and cubic MgO substrate.
The ZnO film was prepared by the molecular beam epitaxy technique on the MgO (0 1 1) substrate. The
analysis results from the in situ reflection high energy electron diffraction patterns, X-ray diffraction (XRD)-pole
figures and high resolution transmission electron microscopy images demonstrate that the film exhibits two-fold
symmetry domains with a growth direction deviated from c-axis at about 31° along the [0 1 0] MgO or [0 1̄ 0]
MgO azimuth. Despite the intertwined diffusion from Zn and Mg atoms in the interface, which is the possible
origin of a blue shift of about 0.083 eV in the Photoluminescence (PL) spectrum, the inclined film shows a full
width at half maximum value that is close to the reported value from the high quality film. This work hopefully
provides useful insights to the design and exploration of the novel optoelectronic devices that involve the in-
tegration of materials with different structure and different properties.
1. Introduction
Putting thin-film materials with unique properties of their own on a
substrate of different crystal structures has become a common strategy
in seeking novel device functions in modern electronics [1–4]. For ex-
ample, optoelectronic semiconductor films such as ZnO [5–6] and GaN
[7–10], or other 2-dimenional materials of hexagonal symmetry, such
as graphene [11–14]and MoS2[15], were frequently prepared on cubic
substrates such as Si, GaAs, and MgO, etc. [16–19]. Uses of such het-
erostructures have indeed helped solved some problems confronting
isomorphic material structures. It is well-known that, for example, GaN
thin films grown on c-oriented substrate of α-Al2O3 usually lead to an
internal electric field along the c-axis that would lead to reduced
quantum efficiency in what is called quantum-confined Starks effect
[20–21]. Nevertheless, this detrimental effect could be surmounted by
use of (0 0 1)-oriented LiAlO2 substrates of cubic symmetry, as having
been demonstrated by Waltereit et al. [22] experimentally. Similar
successes have also been achieved on LiGaO2 and LaAlO3 substrates
[23–24].
Similar to GaN, ZnO is a popular optoelectronic semiconductor of
stable hexagonal symmetry because of its wide band-gap (∼3.4 eV)
[25], large exciton bonding energy (∼60meV) [25] and large piezo-
electric coefficients [25–26]. It has been made into heterostructures
with other conventional semiconductors or transition metal oxides,
among others, for optoelectronic and memory device applications.
Cagin and Zhou et al., for example, had ZnO films of a variety of or-
ientations placed on substrates of cubic symmetry, NaCl [27], SrTiO3
[28], and MgO [29,30], while Bera et al. [31] have further obtained a
new type of optical switches with faster response through ZnO nano-
wires or films on SrTiO3 that exhibits unique electrical transport
properties. However, similar to GaN films or 2D materials grown on
cubic substrates, these ZnO films take on extremely complex growth
https://doi.org/10.1016/j.apsusc.2019.144781
Received 4 September 2019; Received in revised form 20 October 2019; Accepted 18 November 2019
⁎ Corresponding authors at: Fujian Provincial Key Laboratory of Semiconductors and Applications, Collaborative Innovation Center for Optoelectronic
Semiconductors and Efficient Devices, Department of Physics, Xiamen University, Xiamen 361005, PR China.
E-mail addresses: zhouhua2018@sdu.edu.cn (H. Zhou), hqwang@xmu.edu.cn (H.-Q. Wang).
Applied Surface Science xxx (xxxx) xxxx
Available online 27 November 2019
0169-4332/ © 2019 Elsevier B.V. All rights reserved.
Please cite this article as: Xuebin Yuan, et al., Applied Surface Science, https://doi.org/10.1016/j.apsusc.2019.144781
paths as reflected in the often-unexpected orientations and the asso-
ciated interfacial structures, particularly those tilted away from major
crystallographic axes in some inclined growth direction [32,33]. As a
consequence, precise controls of growth parameters to achieve good
epitaxy for these films become necessary, albeit often also found a
formidable pursuit.
Indeed, we have encountered such complexities on the subject
matter of this report regarding the inclined growth of ZnO films on MgO
substrates. Single crystals of MgO has been widely used as a substrate in
many fields ranging from catalytic surfaces [34,35], magnetic thin films
[36] and, among many others, exploratory novel devices [37]. We have
in this work the ZnO thin films grown on (0 1 1)-oriented MgO sub-
strates by molecular beam epitaxy (MBE), of which the details of in-
strumentation have been described elsewhere [30,38]. Briefly stated
here, atomic force microscopy (AFM), high resolution transmission
electron microscopy (HRTEM), X-ray diffraction (XRD), and in situ re-
flection high energy electron diffraction (RHEED) were employed to
characterize the inherent crystal structures regarding the inclined
growth, while photoluminescence (PL) spectroscopy was carried out to
study the relevant optical properties. This work aims to better under-
stand how the ZnO films of wurtzite structure would engage with the
MgO of rock-salt structure, especially on the specifics of involved in-
clination in regards to their epitaxial relations.
2. Experiment methods
The MgO (0 1 1) substrate was cleaned three times sequentially by
acetone ethanol in the ultrasonic bath. Before growth, the substrate was
annealed at about 500 °C for 60min with a plasma power of 250 w and
oxygen pressure of 5× 10-5 mbar. Growth and Zn source temperature
were 240 °C and 330 °C, respectively, and oxygen pressure was kept at
1× 10-5 mbar with a plasma power of 180W.
In-situ reflection high-energy electron diffraction (RHEED) was used
to characterize the surface and interface structures and the film mor-
phology was further examined by atomic force microscopy (AFM). The
interface relationship was characterized by X-ray Diffraction - pole
figure and phi-scan, while the interface atomic structure was probed by
a JEM-200CF high resolution transmission electron microscope with a
FIB system used to prepare the samples. Photoluminescence (PL) was
performed to determine the optical properties.
3. Results and discussions
Atomically flat surface of (0 1 1) MgO substrates were first ob-
tained by annealing for one hour at about 550 °C before growth.
Fig. 1(a) and (b) show their corresponding RHEED diffraction patterns
after annealing captured along the [0 1 1̄]MgO and [1 0 0]MgO ortho-
gonal axes, respectively. The bright Kikuchi lines (as indicated by the
red arrows) in these two patterns suggest that the MgO substrate sur-
faces are indeed measurably flat at atomic scales after annealing. As the
film growth began, these lines diminished and the streaks evolved into
spotty patterns, as seen in Fig. 1(c) and (d) viewed along the
[1 2̄ 1 0]ZnO and (1 0 1̄ 1)*ZnO directions respectively. Here, the
(101̄1)*ZnO represents the normal of the ZnO (1 0 1̄ 1) plane. The ZnO-
film growth is thus believed to have proceeded in island mode, as is
corroborated by the AFM images of grainy surface morphology shown
in Fig. 1(f).
Existing in the RHEED patterns of the [0 1̄ 1]MgO zone, i.e., for
those with the probing electron beam incident along the [0 1̄ 1]MgO
direction, are two sets of diffraction spots, as distinguished by the blue
and red circles, representative of a {1 0 1̄ 3}-oriented ZnO crystals of
Wurtzite symmetry, albeit slightly tilted off the substrate surface by
rotating around [1̄ 2 1̄ 0], namely, one of the three ̂a -axes, by about
± °1. 66 , resulting in distinct mildly-twinned structural domains in the
film. This is so concluded from the angle of largely °60 subtended be-
tween the two ̂c -axes contrasted with blue and red colors in the RHEED
pattern of Fig. 1(c), instead of the × =° °31. 66 2 63. 32 expected be-
tween two {1 0 1̄ 3} planes rotated °180 around the ̂c -axis. Each set of
the patterns is characteristic of a ZnO [1 2̄ 1 0]-zone diffraction pat-
tern of a {1 0 1̄ 3}-oriented ZnO crystal, for which [0 0 0 1] and
[1 0 1̄ 0] make up two major orthogonal basis vectors. Evaluated in
the reciprocal space based on the diffraction peaks, therefore, as illu-
strated by the two perpendicular red (or blue) arrows, the basis vectors
is corresponding to ∗c(¯) and →
∗( )a32 , respectively. The ratio of the
distances of adjacent spots in the perpendicular directions is calculated
to be about 0.58, largely falling within acceptable tolerance in the




2 , consistent with what is
expected of the {1 2̄ 1 0} family of planes of ZnO single crystals. In
Fig. 1(e), an atomic model is provided for reference. With [0 1 1̄]MgO
and [1 2̄ 1 0]ZnO now established as the zone axes of observation, it
can hence be concluded with [0 1 1̄]MgO//[1 2̄ 1 0]ZnO as one of the
two necessary epitaxial relations. This being said, the angle between the
two → ∗c( ) vectors in blue and red is indeed measured to be about 60°, as
mentioned above, while ideal geometric angle is 63.32° between the
(1 0 1̄ 3) and (1̄ 0 1 3)-planes, and, as to be further discussed below
based on the X-ray pole figure data, the lack of a six-fold symmetry
readily hints at an inclined (1 0 1̄ 3)ZnO with respect to (0 1 1)MgO.
To further determine the epitaxial relations, X-ray scans of the
(0 0 0 2) and (1 0 1̄ 0) pole figures of the ZnO film were performed,
and the results are given in Fig. 2(a) and (b), respectively. The
(0 0 0 2) pole figure shows two diffraction spots 180° to each other at
31° of χ -angle, as indicated by the red arrows in Fig. 2(a). The absence
of six-fold symmetry reflects the fact of a misorientation of some kind,
but then the two-fold symmetry observed instead of a one-fold sym-
metry expected of a tilted (1 0 1̄ 3)ZnO plane for its Wurtzite structure
probed along [1 2̄ 1 0]ZnO hints at the presence of twinning between
tilted (1 0 1̄ 3)- and (1̄ 0 1 3)-planes in coexistence and supports the
twinned RHEED patterns observed in the same ̂a -zone as analyzed
earlier in regard to a ± °1. 66 tilting towards each other between the
two ̂c -axes of two domains which should have subtended an angle of
× =° °31. 66 2 63. 32 , but actually was measured to be °60 . This dis-
crepancy of °3. 32 is understood as an outcome of rotating the ̂c -axis of
each domain by × =° °3. 32 1. 6612 around the ̂a -axis of ZnO which is
parallel to the intersecting line between (1 0 1̄ 3)- and
(1̄ 0 1 3)-planes.
The (1 0 1̄ 0)-pole figure shows six diffraction spots at
= ° ° ° ° ° ° ° ° ° °
° °
χ φ( , ) (59 , 0 ), (74 , 63. 5 ), (74 , 116. 5 ), (59 , 180 ), (74 , 243. 5 ),
and (74 , 296. 5 )
,
as shown and indicated by the arrows in Fig. 2(b) with the first φ–angle
referenced as = °φ 0 at = °χ 59 . The first set has two peaks at ≈ °χ 59
with φ-angles spaced °180 in between, while the second has a total of 4
peaks at = °χ 74 . Close to this angular position = °χ 59 , in spherical
coordinates with χ as the polar angle and φ the azimuthal, lies a peak of
the m -pole that represents the diffraction from the m -planes of the
(1 0 1̄ 3) or (1̄ 0 1 3)-planes of ZnO with the χ -axis of the goni-
ometer parallel to the ̂a -axis of ZnO and, ideally,
 ∧ = °m [1 0 1̄ 3] 57. 84ZnO ZnO . The small discrepancy of °1. 16 between
the measured °59 and the ideal value of °57. 84 is considered as related to
the ± °1. 66 tilting articulated in discussing the RHEED data in Fig. 1(a).
With the geometric relation largely in place, one needs to verify the
consistency of the φ-angles of the mZnO-pole figure in sequence of 0°,
°63. 5 , °116. 5 , °180 , °243. 5 and °296. 5 . What follows is to first make sense
of the spacing of ± °63. 5 neighboring the reference peak at ° °(59 , 0 ).
Simple solid geometric analysis would show that in an ideal case the
three neighboring peaks at −° ° ° °(74. 56 , 63. 5 ), (57. 84 , 0 ), a
° °nd (74. 56 , 63. 5 ) in fact represent the three corresponding neigh-
boring m -plane diffraction peaks with the middle reference peak at
° °(57. 84 , 0 ) from the specific m -plane whose ̂aZnO-axis is parallel to the
χ–axis of the goniometer when the diffraction conditions are fulfilled.
In other words, the reference peak arises from the m -plane that has
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̂aZnO, given as [1̄ 2 1̄ 0]ZnO for convenience as the convention in the
following discussions, as the zone axis that makes up the plane of in-
cidence with the probing beam, whether electron or X-ray. The corre-
sponding zone-axes of the two neighboring peaks, on the other hand,
would then be [6 3̄ 3̄ 1¯ ]ZnO and [3̄ 3̄ 6 1]ZnO for the two peaks at
±° °(74. 56 , 63. 5 ). In simpler terms these three zone axes can be de-
scribed as ̂̂ ̂+a c a,3 13 2, and ̂̂ −a c1
1
3 . The small discrepancy of the –angle
is simply a result of the small ± °1. 66 tilts around the ̂a2-axis, viz.
[1̄ 2 1̄ 0] ,ZnO of the (1 0 1̄ 3)ZnO or (1̄ 0 1 3)ZnO twinning planes.
Indeed, one can readily show that ∧[6 3̄ 3̄ 1̄]ZnO
≈ × =° °[3̄ 3̄ 6 1] 63. 83 2 127. 66 ,ZnO as compared to what was mea-
sured by the m -pole figure of × =° °63. 5 2 127 . This difference of °0. 66
can easily be reconciled with the ± °1. 66 tilting of the [1 0 1̄ 3]ZnO and
[1̄ 0 1 3]ZnO toward each other, as discussed earlier. With this under-
standing, the epitaxial relations can be concluded as (1).
[1 2̄ 1 0]ZnO//[0 1 1̄]MgO according to the indices of the RHEED
patterns in Fig. 1(c) that concluded both as the zone-axes, and (2). With
[1 2̄ 1 0]ZnO as the rotating-axis, ∧ =[1 0 1̄ 3] [0 1 1]ZnO MgO
∧ =[1̄ 0 1 3] [0 1 1]ZnO MgO °1. 66 (Here, the symbol ^ means an angle
between two crystal array directions), the ZnO film grew into a tilt-
Fig. 1. (a) and (b) RHEED patterns from the MgO (0 1 1) substrate after annealing along the [100] and [01̄1] azimuth, respectively, displaying bright Kikuchi lines, as
marked by the red arrows. (c) and (d) RHEED patterns from the grown ZnO film where yellow arrow represents the growth orientation and blue and red circle arrays
indicate two sets of diffraction spots, respectively. (e) An atomic model from the side view along the ZnO[1 2̄ 1 0] or MgO[0 1̄ 1] direction, showing two kinds of
different ZnO domains based on the results of the RHEED patterns. (f) AFM image from the ZnO film.
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twins structure with a twin angle of °3. 32 . Hence, in essence, the ZnO
sample is described as growing into a structure of ± °1. 66 tilt-twins off
the substrate normal of [0 1 1]MgO in an otherwise would-be perfectly
(1 0 1̄ 3)-oriented epitaxial thin film on [0 1 1]-oriented MgO sub-
strate.
Fig. 2(c) shows the corresponding phi-scan images from the
(0 0 0 2)/(0 0 0 2̄) plane of the ZnO film ((2θ, χ)= (34.4°, 31.3°))
and {0 0 1} plane of the MgO substrate ((2θ, χ)= (42.3°, 45°)).
Fig. 2(d) displays the corresponding 3-dimensional atomic model ac-
cordingly, clearly illustrating these interface relationships and two
types of domains with an incline of about 31° to [0 1 1̄]MgO and
[0 1̄ 1]MgO azimuths, respectively. Here, semi-transparent green,
black, light blue and gray areas represent c- and m-plane of ZnO film,
surface and side planes of MgO substrate, respectively, and yellow ar-
rows represent the basis vectors of ZnO.
To reveal the micro-structures of the interface and boundary for the
incline growth, the ZnO film was further characterized by TEM, as
shown in Fig. 3(a–g). Fig. 3(a) is the corresponding low-magnification
TEM image on the zone axis of MgO [0 1̄ 1], showing about 60 nm of
film thickness. Here, red and green dashed lines represent the interface
of ZnO/MgO and grain boundaries, respectively. Apparently, there
display two types of parallel stripes at the adjacent regions, indicative
of two kinds of domains in the film. Fig. 3(b) corresponds to selected
area electron diffraction (SAED) image, also showing two sets of dif-
fraction spots, as labelled by the red and yellow dots, respectively,
consistent with the RHEED pattern captured at the MgO [0 1̄ 1]
azimuth (as shown in Fig. 1(c)). The bright spots are from the diffrac-
tion of substrate, as labelled by the light blue arrows. This SAED pattern
reflects that the lattice between film and substrate follows a registry
close to the relationship as bellow, with a few degrees of angle devia-
tion:
[0 0 0 2][1 2̄ 1 0]ZnO-| // [1 1 1][0 1̄ 1]MgO;
[0 0 0 2][1 2̄ 1 0]ZnO-‖// [1 1 1][0 1̄ 1]MgO.
It is worth pointing out that the angles between [0 0 0 2] and
(1 0 1̄ 1)*ZnO (∼61°) is close to the angle between [1 1 1]MgO and
[1 0 0]MgO (∼55°). This result also suggests (1 0 1̄ 1)*ZnO//
[1 0 0]MgO, consistent with the analysis of XRD pole figures.
Fig. 3(c) shows a high resolution TEM image, revealing that the c-
axis of the two domain exhibits an incline of about 31° along the growth
orientation, as illustrated by the yellow arrows. Yellow and red dashed
curve lines show the grain boundary of Domains 1 and 2 and the ZnO/
MgO interface, respectively. Because of the large mismatch and the
phase structure difference between film and substrate, some defects
appear at the interface, as illustrated by the red arrows in Fig. 3(c).
Fig. 3(d) shows the high resolution image of ZnO film captured along
[1 0 0] MgO azimuth. From the amplified image of the area at the
interface as labelled by the red rectangle in image (d), one can see the
hazy rhombus structure, as illustrated by the red solid dots in Fig. 3(e).
In fact, the top view of the atomic model of ZnO (1 0 1̄ 1) plane (as
shown in Fig. S1 in Supporting Information) displays a perfect dot array
Fig. 2. (a) and (b) XRD pole figures from the {0 0 0 2} and {1 0 1̄ 0} reflections of the incline film, respectively; (c) XRD phi-scan results from the {0 0 0 2}
reflection of the incline ZnO film and {0 0 1} reflection of the (0 1 1) MgO substrate, where the inset displays a schematic of the phi-scan with crystalline directions.
(d) Corresponding 3D atomic model, where black and green semi-transparent areas represent m- and c-planes of ZnO, respectively.
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of rhombus geometry structure. Moreover, the distance between the
adjacent planes is about 0.17 nm, close to aZnO/2. These results suggest
that the high resolution TEM image in Fig. 3(d) presents the atomic
array structures nearly along the film (1 0 1̄ 1) plane, also indicating
(1 0 1̄ 1)*ZnO//(1 0 0)MgO. Here, (1 0 1̄ 1)*ZnO represents the
normal of the (1 0 1̄ 1)ZnO plane. Fig. 3(f) and (g) are the corre-
sponding amplified images of the areas as labelled by the green and
blue rectangles in Fig. 3(c). In essence, the growth orientation of film on
a substrate prefers the minimum energy and domain rotation number
with lattice matching. The ZnO films grown on the (0 1 1)MgO substrate
exhibit the orientation of [1 0 1̄ 3] azimuth with two rotation do-
mains with an angle of about 31° could probably serve the purpose.
Fig. 3(h) and (i) show the atomic models of the side view from the
[0 1̄ 1]MgO and [1 0 0]MgO azimuth, respectively. It is worth noting
that the atomic models of Domain 1 and 2 along the [1 0 0]MgO azi-
muth are very similar, indicating that the top view of the ZnO
(1 0 1̄ 1) plane after rotating 180° remains almost the same. It also
means that the high resolution TEM images of Domains 1 and 2 on the
zone the [1 0 0]MgO azimuth is almost identical, which explains why
different domain regions are not observed in Fig. 3(d).
From the discussions of the results of RHEED patterns, XRD pole-
figures and TEM images, we can obtain the interface relationships of the
slightly tilted {1 0 1̄ 3}-oriented ZnO films on the MgO (0 1 1) sub-
strate:
± 1.66-tilited {1̄ 0 1 3}(1 0 1̄ 1)*[1 2̄ 1 0]ZnO-I//(0 1 1)[1 0 0]
[0 1̄ 1]MgO;
± 1.66-tilited {1 0 1̄ 3}(1 0 1̄ 1̄)*[1 2̄ 1 0]ZnO-II//(0 1 1)[1 0 0]
[0 1̄ 1]MgO.
Here, star represents the normal of the corresponding plane. In es-
sence, this type of interface coupling with a tilted growth orientation
well agrees with the simple concepts of coincidence lattices with neg-
ligible tolerance in the two orthogonal directions, as shown in Fig. S2
(as available in Supporting Information). Since aZnO= 3.249 Å,
cZnO=5.205 Å, aMgO= 4.211 Å, it is simple to calculate the lattice
lengths in their orthogonal directions as follows: d[100]MgO= 4.211 Å,
d MgO[01̄1] =2.978 Å, ∗d ZnO(101̄1) =19.835 Å, ∗d ZnO(12̄10) =3.249 Å.
Fig. 3. (a) Cross-sectional low magnification TEM image captured along the zone-axis of [0 1 1̄]MgO, where red straight line and green curve lines represent
interface and grain boundary, respectively. (b) The corresponding SAEDP pattern, where red and yellow circle arrays represent two sets of diffraction spots. (c) The
corresponding high-resolution TEM image, where yellow curve line shows the boundary between Domains 1 and 2. (d) The high-resolution TEM image on the zone-
axis of [1 0 0]MgO. (e–g) The corresponding amplified images of the area as labelled by the red, green and blue rectangles in Figures (d) and (c). (h,i) The atomic
models from the side views along [0 1̄ 1]MgO and [1 0 0]MgO azimuths, respectively.
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Therefore, the MgO(0 1 1) substrate is able to match with the ZnO
(1 0 1̄ 3) oriented film as follows:
3 ∗d ZnO(101̄1) =14 d[100]MgO with a mismatch of about 0.9%;
11 ∗d ZnO(12̄10) =12d MgO[01̄1] with a mismatch of about 0.01%.
That is to say, such domain matching has two rectangular MgO
(0 1 1)-planes as a substrate unit cell, matching a
14d[100]MgO×12d MgO[01̄1] rectangle of 58.954 Å×35.736 Å with a
59.505 Å×35.739 Å array of 3 ∗d ZnO(101̄1) ×11 ∗d ZnO(12̄10) rectangle, as
illustrated in Fig. S2.
To the best of our knowledge, the adsorption energy of Mg atom in
MgO crystal surface is small enough (∼0.45 eV) [39], that it is in-
evitably to exhibit diffusion at the interface of ZnO/MgO. In fact, the
ZnO film at the interface shows cubic phase structure, as demonstrated
by Fig. S3 (as available in Supporting Information). This result implies
that the film phase at the interface is an alloy structure of ZnMgO. In
order to further verify this point, we characterize the evolution of the
Mg and Zn contents from the substrate to the film surface by X-ray
photoelectron spectroscope (XPS) and Energy Dispersive Spectrometer
(EDS), as shown in Fig. 4(a) and (b), respectively. The EDS image
(Fig. 4(a)) show the substrate area near the interface contains numerous
Zn atoms, indicating negative diffusion at the interface during the
growth process. As the depth from the interface is increased, the Zn
component decreases rapidly. While for the Mg atoms, their diffusion
depth is more than 30 nm, as illustrated by the blue curve line. These
results can be further confirmed by the depth profile of Mg-2p XPS
spectra (Fig. 4(b)), which shows the existence of a weak peak of Mg-2p
even at the depth of about 30 nm from the interface.
The PL spectrum at room temperature for the inclined film is shown
in Fig. 5, which exhibits a blue shift of about 0.083 eV compared with
the ZnO single crystal, as illustrated by the black arrows. This is
probably due to the diffusion of Mg atoms into the ZnO film, thereby
forming the ZnMgO alloy phase near the interface between ZnO and
MgO, as discussed above. Interestingly, the room temperature PL
spectra of this inclined film exhibits a very weak defect peaks at the
region of the yellow light, as illustrated by the inset in Fig. 5, very
similar to that of some high-quality or with multiple-fold-rotated ZnO
films in previous reports [38,40–42]. We believe, this result on the one
hand stems from this possibility that there exist a few defects in the ZnO
grains. On the other hand, there really exist numerous boundary states
among the grains, nonetheless, the luminescent spectra from the grain
boundary states is different from that of the defects. Probably, the
boundary states around the ZnO grain do not form some special energy
level, like the defects. Therefore, the PL spectra from the multiple-fold-
rotated ZnO films hardly exhibit the defect spectra peaks, as observed in
this work and previous reports [38,40–42]. Moreover, the full width at
half maximum (FWHM) of the PL spectrum is just about 0.135 eV, al-
most identical to the single crystal (as shown by the red curve line in
Fig. 5), which is close to the value (∼0.117 eV) from the ZnO film of
high quality film’s in the previous reports [43]. This indicates that the
inclined film possesses bulk-like optical property.
4. Conclusions
To sum up, a highly lattice-mismatched film through the coupling
between ZnO and the MgO (0 1 1) substrate was prepared by the MBE
method. The grown film is found to grow with a deviation of 31° from
the c-axis and displays two-fold domains as well as the complex inter-
face structures as follows:± 1.66-tilited {1̄ 0 1 3}
(1 0 1̄ 1)*[1 2̄ 1 0]ZnO-I//(0 1 1)[1 0 0][0 1̄ 1]MgO;± 1.66-tilited
{1 0 1̄ 3}(1 0 1̄ 1̄)*[1 2̄ 1 0]ZnO-II//(0 1 1)[1 0 0][0 1̄ 1]MgO.
Moreover, there appear numerous atom diffusions at the interface,
which leads to a blue shift of about 0.083 eV in the PL spectrum.
However, the FWHM value is close to the bulk ZnO, suggesting high
quality of optical property for the inclined ZnO film grown on the MgO
(0 1 1) substrate.
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Fig. 4. (a) EDS results across the interface from the substrate to the film; (b) Mg-2p XPS spectra from the top surface of the film to the substrate across the interface.
Fig. 5. Room temperature PL spectrum of the ZnO film (blue) and Single crystal
(red), respectively, showing a blue shift of about 0.08 eV. The amplified image
of the green rectangle shows a very weak but broad defect peak, as illustrated
by the inset. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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